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ABSTRACT 
 
Stenanthium gramineum (Ker. Gawler) Morong (Melanthiaceae), has historically been an 
understudied species. This species is generally considered to consist of two varieties: var. 
gramineum, a habitat generalist, occurring on grassy balds, rock outcrops, and in dry and mesic 
woodlands, and var. robustum, a habitat specialist, occurring in mountain bogs and wet 
meadows.  A third variety, var. micranthum is not formally recognized, but was described on the 
basis of its small stature and unique granitic dome habitat. However, many taxonomists do not 
recognize any of the varieties, suggesting that they are indistinct and sympatric. The purpose of 
this study was to determine if the three varieties of Stenanthium gramineum should be 
recognized as distinct entities, and at what taxonomic rank each should be recognized.  I 
performed morphological and ecological analyses of the three varieties of S. gramineum, 
including taking macro and micro morphological measurements from the field and from 
herbarium specimens, as well as measuring ecological characters of the field sites I visited. I then 
ran univariate and multivariate statistical analyses on the data collected to aid in clarifying the 
taxonomy of S. gramineum varieties. Results suggest that var. robustum should be elevated to 
species level, based on morphological separation, while var. micranthum should be recognized as 
 vii 
a taxon discrete from the typical var. gramineum. The findings in this study emphasize the need 
for conservation of all varieties, as anthropogenically caused changes threaten their habitats. This 
is especially critical in the case of var. robustum, a mountain bog specialist of the Appalachians.  
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CHAPTER ONE: INTRODUCTION 
 
Background 
 
 
Stenanthium gramineum (Ker. Gawler) Morong (Melanthiaceae), commonly known as 
“Eastern Featherbells” is a perennial herb that occurs in the Southern Appalachians and more 
broadly throughout the eastern U.S. (USDA, NRCS 2019; Weakley 2015). Melanthiaceae, 
commonly known as the bunchflower family (Weakley 2008, 2015), is comprised of perennial, 
monocotyledonous herbs commonly found within woodland and/or alpine habitats throughout 
the Northern Hemisphere, ranging from temperate to artic zones (Zomlefer et al. 2006). The 
Melanthiaceae family likely arose during the Cretaceous period, ca. 46-62 million years ago 
(Zomlefer et al. 2006). Melanthiaceae was first described by Batsch in 1793 (Weakley 2008, 
2015) and segregated from Liliaceae in 1802, due to the apically diverted carpels (Zomlefer 
1997). It consists of five tribes, of which Stenanthium belongs to tribe Melanthieae (Kim et al. 
2016). 
The genus Stenanthium currently contains six species, distributed within eastern North 
America (Weakley 2008, 2015) after having undergone many taxonomic rearrangements until 
finally being segregated from other genera, including Helonias and Xerophyllum (Heikens et al. 
2002). Overall, Stenanthium is characterized by a terminal, paniculate inflorescence with white 
to yellow/green flowers. Plants have a basal rosette and are slender or bulbous at the base, with 
fibrous remnants of prior leaf bases (Gleason 1952). Stenanthium diffusum Wofford, described in 
2006, is most morphologically similar to S. gramineum. Stenanthium diffusum is endemic to 
rockhouses of the northern Cumberland plateau of Tennessee.  
Taxonomic splitting and additional new species recognition has recently occurred in 
Stenanthium based on careful analyses of morphology, phenology, habitat and geographic range 
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(Carter et al. 2009; Morris 2012; Sorrie and Weakley 2017). High variation in habitat and 
morphology among S. gramineum varieties suggests that there may be more species than 
currently recognized.  (Weakley, A. pers.comm.; Wofford 2006).  
Currently, two varieties of S. gramineum are recognized, distinguished in part by habitat 
differences. Stenanthium gramineum var. gramineum is considered a habitat generalist, occurring 
on grassy balds, rock outcrops, and in dry and mesic woodlands (Weakley 2015). Stenanthium 
gramineum var. robustum (S. Watson) Fernald occurs in bogs and wet meadows; it is endangered 
and threatened throughout its native range, causing need for special attention (Weakley 2015; 
USDA, NRCS 2019). A third variety, S. gramineum var. micranthum Fernald, is not recognized 
currently, but was described on the basis of its unique granitic dome rock outcrop habitat and its 
small size (Fernald 1950).  
Various authors have distinguished the S. gramineum varieties by several morphological 
characters (Table 1; Fernald 1946, 1950, Small 1933, Weakley 2015), while others claim they 
are indistinct and sympatric (Gates 1918, Johnson 1969, Utech 2002). Based on the characters 
emphasized in the literature, it appears that traits vary the greatest between var. 
gramineum/micranthum and var. robustum, with the main differences being in plant height, leaf 
distribution and texture, fruit characteristics, and tepal length (Table 1). 
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Table 1. Variation in morphological characteristics among S. gramineum varieties emphasized in 
the literature (Fernald 1946, 1950; Small 1933; Weakley 2015). 
 
 Plant 
Height 
(m) 
Leaf 
Distribution 
Leaf Texture Tepal 
Length 
(mm) 
Style 
Beak 
Curvature 
on 
Capsule 
Capsule 
Shape 
Capsule 
Length 
(mm) 
Seed 
Length 
(mm) 
Var. 
gramineum 
0.5-
1.9 
Crowded 
below, 
diminishing 
below 
panicle 
Firm – 
coriaceous, 
opaque, 
surface 
corrugated  
3-8 (-
10) 
Deflexed  Ovoid-
urceolate 
 
6-9 5-5.5 
Var. 
robustum 
Up to 
1.8 
Crowded 
and 
numerous 
nearly up to 
panicle  
Thin, 
membranous, 
translucent, 
surface 
smooth  
5-10 Erect  Oblong-
subcylindric 
 
9-10 5-8 
Var. 
micranthum 
0.25-
1.0 
Crowded 
below, 
diminishing 
below 
panicle 
Firm – 
coriaceous, 
opaque, 
surface 
corrugated  
3-4.5 
(-5)  
Unknown  Unknown Unknown Unknown 
 
 
In sum, each of these varieties may have unique morphological traits, and each may 
occupy a unique, sensitive habitat. They potentially could be recognized as separate species if 
discrete differences in morphological characteristics vary significantly. The goal of my research 
was to investigate macro- and micromorphological, phenological, ecological and habitat 
characteristics of the three S. gramineum varieties in order to clarify their taxonomy and provide 
information for conservation. 
Key Question 
Should the three varieties of Stenanthium gramineum (var. gramineum, var. robustum and var. 
micranthum) each be recognized as distinct entities on the basis of their morphological and 
ecological characteristics, and at what taxonomic rank?  
 4 
Significance 
This exploration of three varieties of S. gramineum will increase descriptive knowledge 
of these attractive native plants, as well as our knowledge of the differences among the varieties 
within the species. This study will not only add to our knowledge of Stenanthium morphologic 
and geographic variation, but will also increase awareness and interest in conservation of these 
delicate plants. Analyses of morphology and ecological measurements of each variety’s habitat 
will provide insight into whether morphology is correlated with habitat conditions. This study 
should provide new knowledge that will aid in conservation, which is crucial for all varieties as 
they face loss of their unique and uncommon habitat types.  
Species Concepts 
In order to determine if any or all of the named varieties of S. gramineum should be 
elevated to species level, a species definition must be recognized. Though many valid species 
concepts are recognized, there is no one concept heralded as the universal standard, though some 
are more popular than others, particularly the biological species concept (BSC) (Lucklow 1995; 
McDade 1995; DeQueiroz 2007). The BSC recognizes that the most imperative characteristic 
that separates species is the inability to interbreed. This is the fundamental concept that separates 
the BSC from other species concepts (Lucklow 1995).  
Many taxonomic studies that use morphological, phenological, habitat and distribution 
data follow the BSC, though not always directly stated. Instead, these studies generally use 
indirect evidence to support that interbreeding has not occurred, or that it likely could not occur. 
Wofford (2006) uses indirect evidence for the BSC by providing support for the circumscription 
of a new species, Stenanthium tenneeseense, by a combination of characteristics. Though S. 
tenneeseense appears to be morphologically similar to S. gramineum, they are easily 
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distinguishable by distinct differences in morphology, phenology, geography and habitat. 
Particularly, the phenological difference, (as this species has a much later and shorter bloom time 
than S. gramineum), and habitat/ geographical difference (occurs only on rockhouses along the 
northern portion of the Cumberland Plateau in Tennessee), make it apparent that interbreeding 
between this species and S. gramineum would likely be impossible, as they are phenologically 
and geographically separated, and do not occur in the same habitat type. Wofford’s 
characterization and justification of this species clearly lies within the assumption that they are 
fundamentally unable interbreed.  
Knapp and Naczi’s delimitation of Juncus longii (2008) also relies on the BSC without it 
explicitly being stated. The authors draw evidence for this taxon to be recognized at the species 
level through univariate and multivariate analysis of morphology versus environmental 
conditions to show differentiation is not caused by environment (showing a distinction 
among/between morphology that must have a genetic basis) and noted that J. longii was found in 
the field alongside J. marginatus without any intermediates present, showing that there was no 
inbreeding. Habitat and distributional differences were another key indicator of different species, 
providing support for the BSC. Juncus marginatus and J. biflorus are more of habitat generalist 
and exhibit a more extensive distribution than J. longii, which is endemic to the southeastern 
United States.  
Janovec & Harrison (2002) provide yet another example of the use of the BSC without 
explicit statement. Compsoneura mexicana was raised to species level using a combination study 
of morphological analyses, biogeography, and ecology. Furthermore, though not explicitly 
stated, authors claimed that the Andes mountain chain serves as geomorphic barrier between C. 
mexicana and C. sprucei which prevents cross-fertilization, dispersal, and gene flow. This 
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indicates that the BSC was used, as the authors based their claim that speciation had occurred on 
the presence of geographic boundaries that prevented interbreeding.  
In order to determine the taxonomic classifications of S. gramineum’s varieties assuming 
the BSC, I determined 1) if varieties are morphologically different from one another, 2) whether 
morphological variation is correlated to environmental conditions of their habitats, 3) if varieties 
occur together in the field, and/or if any intermediates are present in my samples, and 4) if 
phenology and range/distribution differ significantly. Compiling and analyzing these data 
through the use of multivariate and univariate analyses helped determine the taxonomic 
classification for these varieties according to the BSC.  
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CHAPTER TWO: METHODS 
 
 
Morphological Data Collection 
I used the morphological descriptions in Identification and Reidentification of North 
American Plants (Fernald 1946), Gray’s manual of Botany 8th Edition (Fernald 1950), Manual of 
Southeastern Flora (Small 1933), and Flora of the Carolinas, Virginia, Georgia, northern Florida, 
and surrounding areas (Weakley 2015) to compile a list of 28 potentially diagnostic characters 
for the varieties of S. gramineum. I analyzed 24 herbarium specimens from Western Carolina 
University Herbarium (WCUH), North Carolina State University Herbarium (NCSC), University 
of North Carolina at Chapel Hill Herbarium (NCU) and the University of Georgia Herbarium 
(GA) to discern additional potentially diagnostic characteristics among varieties, for a total of 35 
characteristics (Appendix A). 
 I analyzed 58 specimens total from the Carnegie Museum (CM), NCU, and WCUH to 
collect morphological data among all varieties across S. gramineum’s range (Appendix B). I 
recorded vegetative and reproductive traits as well as phenology and geographic location 
(Appendix B).  
 All herbarium specimens used were identified to variety based on comparison to digital 
images of lectotypes of each variety, available online through Harvard University Herbaria’s 
online database.  Specimens used for data collection were chosen based on location and 
completeness of specimen. For location, I selected specimens from a wide geographic range, 
focusing on areas of potential overlap as well as range edges. This allowed me to look for 
possible intermediates and any intermediate morphology throughout ranges. For S. gramineum 
var. gramineum, which can occur in several different habitats, I used specimens collected from 
various habitat types in order to determine if there were intermediates among the various habitats 
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(Culley 2013). Since each variety encompasses a large range (Fig. 1-3), the herbarium specimens 
were useful in extending the distribution of plants I was able to sample compared to my field 
sampling. 
 
 
Fig. 1. State-level distribution of Stenanthium gramineum var. gramineum (USDA, NRCS. 2020. 
The PLANTS Database (http://plants.usda.gov, 8 June 2020). National Plant Data Team, 
Greensboro, NC 27401-4901 USA.)  
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Fig. 2. State-level distribution of Stenanthium gramineum var. robustum (USDA, NRCS. 2020. 
The PLANTS Database (http://plants.usda.gov, 8 June 2020). National Plant Data Team, 
Greensboro, NC 27401-4901 USA.)  
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Fig. 3. State-level distribution of Stenanthium gramineum var. micranthum (USDA, NRCS. 
2020. The PLANTS Database (http://plants.usda.gov, 8 June 2020). National Plant Data Team, 
Greensboro, NC 27401-4901 USA.)  
 
 
 
 To locate living populations of each variety, I obtained occurrence data from herbarium 
specimens that were gathered within the last eight years. I also obtained occurrence records for 
var. robustum from the North Carolina Natural Heritage program, Kentucky Natural Heritage 
Program, iNaturalist.org, and word-of-mouth (T. Govus, pers. comm.). I obtained permits for 
collection for Blue Ridge Parkway National Park (BLRI-2019-SCI-0013), Great Smoky 
Mountains National Park (GRSM-2019-SCI-2468), Nantahala and Pisgah National Forests 
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(2600), NC Plant Conservation Program (710), Cumberland State Park, KY, and private 
landowners. 
 I located about fifteen documented field sites during June - August of 2019 using a 
handheld GPS unit. However, among these sites, I only located six flowering populations total 
(Table 2; Fig. 19). Measurements taken in the field include: plant height, panicle height, 
peduncle length, first internode, second internode, average length of two bottom branches, 
average width of two most basal leaves, average width of two midstem leaves, longest tepal 
average, seed length average, seed width average, capsule length, capsule width, pollen length, 
pollen width, stomatal density and leaf texture (Appendix A). Individuals that had been 
measured in the field were flagged and their number and code were included, as they were given 
unique identifiers such as an abbreviation for the site and a number. From late August to 
September, six sites were revisited in order to collect fruit from flagged specimens. Note that site 
GSM (Table 2) was not used in data analyses, as it could not be accessed a second time to collect 
fruit, but a voucher specimen was collected. Environmental information to determine habitat 
characteristics was collected at each population visited. The information collected includes: 
habitat type, ratio grazed, percentage of sun exposure, elevation, average soil depth, soil pH, 
Munsell Chart soil score (Appendix A). 
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Table 2: Field sites where plant material was collected.  
Collection Site  Site 
Abbreviation ID 
 
County Latitude/Longitude Var. 
Roadside 
mountain bog  
 
ROB Avery Co., NC Protected robustum 
Roadside 
mountain bog  
 
HWY Alleghany Co., 
NC 
Protected  robustum 
Buck Creek 
Serpentine 
Barrens 
 
BUCR Clay Co., NC 35.083871;            
-83.615503 
unknown  
Andrew’s Bald, 
grassy bald  
 
ABD Swain Co., NC 35.53909,  
-83.49364 
gramineum 
High elevation 
mixed oak 
forest in Great 
Smoky 
Mountains 
National Park 
 
GSM Haywood Co., 
NC 
35.56618; 
-83.10338 
gramineum 
Low elevation 
mixed oak 
forest 
 
GVS Gilmer Co., GA Private  gramineum 
 
 
Collection of plant material in field included: Up to 10 basal rosette leaves per population 
of each variety– one leaf from up to 10 plants, dermal peels taken from bottom of 1 basal rosette 
leaf for up to 10 plants per population, up to 5 soil samples per population: 2.54cm diameter x up 
to depth of plant roots (no more than 25.4cm), 1 flowering lateral branch from 5 individuals from 
each population, 1 fruiting branch from 5 individuals from each population. In populations of 
more than 10 plants, up to 1 plant per population for each variety was collected for 
documentation as a voucher specimen and deposited at WCUH (Appendix B).  
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Leaves collected were stored in small, airtight bags with silica gel. In the lab, each 
sample was transferred into 50mL centrifuge tubes and labeled with their collection date and 
location and stored in a -80℃ freezer for potential future genetic analysis.  Soil samples were 
scored against a set of Munsell Soil Color Charts (2000) for color and stored in paper bags and 
labeled with permanent marker. pH of each soil sample was taken using a Fieldscout SoilStik 
Meter. Flowering branches and fruiting branches were stored on ice within labeled air tight bags 
in the field and immediately taken to the lab and stored in FAA fixative (formaldehyde 10%: 
95% ethanol 50%: glacial acetic acid 5%: water 35%). After at least 48 hours, they were 
transferred to a 75% ethanol solution within a sealed test tube.  
Macromorphological characters, (see Appendix A), were measured with a metric ruler 
either with or without the use of a dissecting microscope. Micromorphological characters (pollen 
and stomata dimensions) were measured using a compound microscope with an eyepiece 
graticule calibrated to micrometers for each level of magnification (40x, 100x, 400x). Pollen was 
taken from both field-collected samples and voucher specimens, while stomatal measurements 
were only taken from field-collected samples, as leaves had to be fresh in order to be analyzed. 
Pollen was analyzed from each specimen gathered in the field and from four herbarium 
specimens of each variety. 
Pollen was extracted by removing a single flower from each specimen and placing it 
under a binocular dissection microscope. All anthers were then removed with forceps and a 
probe and placed on a glass slide. A glycerol drop was added atop anthers on the slide and 
anthers were scraped using a probe to liberate pollen. The anthers were then removed and a glass 
coverslip was placed on the slide. Slides were then viewed at 400x total magnification using a 
dissection scope. Pollen length, width and total 2D area, (Area of an ellipses= a x b x ), were 
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measured using an eyepiece graticule calibrated for micrometers. Three randomly selected grains 
of pollen from each sample were measured and averaged. Pollen shape and color were classified 
using a rubric as well. Pollen shape was recorded as “round” or “oblong.” Color was 
standardized as “light yellow,” “dark yellow,” or “brown.”  
I used the dermal peel technique (Dunlap and Stettler 2001) to gather impressions of 
stomata in the field (Heatherington 2003). I covered 2.54cm - 12.7cm of the underside of one 
basal rosette leaf for up to 10 plants per population from all populations located in the field in 
clear nail polish. After drying, the painted area was peeled away in order to gather a sample of 
the epidermis of the underside of the leaf. This was then placed onto a microscope slide and 
taken to the lab to be viewed under a compound microscope and measured against an eyepiece 
graticule calibrated to micrometers at 400x total magnification. Stomata were counted within a 
standard area of 819.96m2 to determine density, and three individual stoma were measured 
within each sample to determine length, width, and area in micrometers. Measurements were 
then averaged. Stomatal shape was also recorded as either “round” or “oblong.” 
Eighteen capsules were dissected using forceps and a probe under a dissection 
microscope to liberate seeds: two capsules per each variety from herbarium sheets (6 total), and 2 
per field sample, except for buck creek and the GVS site, (private property site with var. 
gramineum), in which 3 were taken (12 total). Seeds were measured to the nearest millimeter 
using a ruler. Length, width, area, shape, color and texture were recorded.  
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Data Analyses 
I used a combination of univariate and multivariate analyses to test for differences in 
morphological measurements among the varieties and to determine if there is a strong correlation 
between each variety and its habitat.  
Principal component analysis (PCA) is commonly used with morphological data to 
determine patterns of variation. It allows researchers to more easily visualize multivariate data to 
identify groups, and therefore aids in the delimitation of species within a complex (e.g., Ellison 
et al. 2004; Janovec and Harrison 2002; Knapp and Naczi 2008). In my study, I performed PCAs 
before other statistical tests because classes are not pre-defined, as it is a type of unsupervised 
machine learning. Therefore, I used this test to help identify groupings in my multivariate data. I 
performed three separate PCAs: one for field measurements, one for environmental 
characteristics at field sites, and one for morphological variation among herbarium specimens. 
These analyses allowed me to determine if varieties were morphologically unique and if habitats 
were unique, based on groupings. The PCA analyses were also useful in determining which 
morphological characteristics accounted for the largest amount of variation among groups.  
Analysis of variance is a commonly used technique in morphological studies to test for 
significant discontinuities among taxonomic entities (e.g., Knapp 2014). I used multivariate 
analysis of variance (MANOVA) to determine if there was a significant difference in 
morphology among all three Stenanthium varieties, and then between individual varieties. I 
performed this test for both herbarium specimens and field-gathered measurements. This allowed 
me to test the null hypotheses that 1) there is no morphological variation among S. gramineum 
varieties and 2) there is no morphological variation between each individual variety.  
 16 
Linear discriminate analysis (LDA), is a test type often used in conjunction with PCA 
(e.g., Lumley and Sperling 2010). In an LDA, classes are pre-assigned, unlike in a PCA. The 
goal of an LDA is to maximize the separation among multiple classes by maximizing the 
component axes for class separation. In my study, an LDA was used to identify the 
morphological measures that best separated the varieties when used as pre-assigned categories.  
Canonical correlation analysis (CCoA) is commonly used to determine the strength of the 
relationship between ecological variables and an organism’s (e.g., Miles and Ricklefs 1984; 
Moran 1986; Kores et al. 1993; Pélissier et al. 2001). In my study of the varieties of S. 
gramineum, a CCoA was used to determine the amount of correlation between the field-collected 
morphological measurements and environmental measures from their habitat. This analysis can 
suggest whether or not morphological differences are environmentally driven. Non-significant 
correlations corroborate the hypothesis that phenotypic differences are due to genotypic 
differences rather than morphological plasticity. However, if there is a significant relationship 
between morphology and environmental factors, the information gained is less straightforward. 
This may suggest that the varieties are ecotypes of the same species, or that local adaptation is 
taking place, but to what extent? In this study the CCoA was performed on a reduced dataset of 
eight morphological characters identified in the PCA as describing the greatest variation among 
groups and environmental measures. 
Data were compiled into three Excel spreadsheets (Microsoft Corporation 2018): data 
collected for herbarium specimens, data collected for specimens measured in the field, and 
ecological data gathered for each field site. All statistical analyses were performed using R (R 
Core Team 2016). The missMDA package (Josse & Husson 2016) was used to impute missing 
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values for herbarium specimen data. Imputations were performed individually for all three 
varieties.  
Principal Component Analyses (PCA) were performed on all three data sets with the 
FactomineR package (Le et al. 2008) using the PCA function. Scatterplots were produced from 
the PCA. I then overlaid 95% confidence ellipses for the mean on the scatterplots. Visualizations 
were built using the factoextra package (Kassambara & Mundt 2020). Variable vectors were 
produced to show which characters accounted for the highest correlations with the PCA axes and 
were overlaid onto biplots. Eigenvalues and dimensions were analyzed to further investigate 
which characters helped describe the greatest multivariate variance. The three most negatively 
correlated morphological characteristics and the three most positively correlated morphological 
characteristics for the first three dimensions were plotted against one another on scatterplots and 
ellipses with 95% confidence intervals for the mean were used for each characteristic.   
A permutation Multivariate Analysis of Variance (MANOVA) was performed on the 
herbarium specimens dataset and on the field specimens dataset. A permutation MANOVA was 
used since it does not require the assumption of normality. This test was run using the adonis2 
function using the vegan package (Oksanen et al. 2019).  The purpose of this test was to 
determine if the variation seen in morphology among the varieties in the PCA was significant. I 
compared all morphological data gathered for each variety in the field for one set, and for 
another set, I compared all morphological data gathered from herbarium specimens.  
Linear Discriminate Analyses (LDA) were run on the herbarium specimens dataset and 
the field specimens dataset with samples pre-assigned to one of three varieties. LDA was 
performed using the following packages: factomineR, factoextra, MASS (Venables & Ripley 
2002). A training run was performed on all data in order to allow the algorithm to determine the 
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best predictors for each class defined by the user- in this case, each variety. Once a training set 
was ran, the full dataset was used and scatterplots and histograms were produced from this data.  
A Canonical Correlation Analysis was executed on the top eight morphological 
characteristics, (those that showed the highest variation in PCA results), for field-collected 
specimen dataset against the ecological characteristics field dataset (Appendix A). I used the 
CCA package (Gonzalez & Dejean 2012) to run the Canonical Correlation Analysis and the CCP 
Package (Menzel 2012) to estimate the P-values of the CCoA results.  
Phenology was analyzed by compiling the bloom dates from my field-collected data and 
the borrowed voucher specimens. Individuals that were at least 50% in bloom were used in this 
study. These specimens were then sorted into varieties and their date of collection was recorded. 
The earliest and last bloom dates were recorded as the range. The mean bloom date was also 
recorded. The mean was taken by averaging all bloom date for each variety.  
Geographic range of field-collected data and voucher specimens were recorded onto a 
Google map using the pin drop function. I recorded all at county level, as most voucher 
specimens did not include GPS coordinates, and because var. robustum sites are protected.  
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CHAPTER THREE: RESULTS 
Field Results 
During my field season, I traveled to about fifteen field sites, only locating six 
populations. I found two high-elevation mountain bog habitats containing var. robustum and 
three habitats with occurrences of var. gramineum. No populations corresponding to S. 
gramineum var. micranthum were found. The mountain bog habitats were wet with deep mud 
and full sun exposure. They were at elevations of 1012m and 892m. Some associated plant 
species with S. gramineum var. robustum were Solidago spp., Eutrochium spp., and Poaceae spp. 
The three var. gramineum sites I located were found in two forests and a grassy bald. The 
forested habitats differed greatly in elevation (644m and 1672m). In the lower elevation forest, S. 
gramineum var. gramineum was accompanied by Quercus alba, Acer rubrum, Carya spp., and 
Calycanthus floridus. The ground was dense with leaf litter, and the soil was loamy and moist. In 
the high-elevation forest (1672m), S. gramineum var. gramineum was accompanied by Quercus 
spp., Cornus florida, Acer pensylvanicum, and Thelypteris noveboracensis. There was less leaf 
litter at this site than the lower-elevation forest. The third site I located with a population of var. 
gramineum, was a high-elevation grassy bald (1759m), with full sun exposure. Associated 
species included Poaceae spp., Solidago spp., Apiaceae spp., and Vaccinium spp.  
 One population of S. gramineum found at Buck Creek Serpentine Barren in Clay Co., 
NC, did not appear to fit the description for any known varieties, as it was shorter in stature and 
smaller in general than var. robustum but had much longer tepals that var. robustum. There was 
also color variation present in this population, as some individuals had pink venation in the tepals 
as opposed to the tepals being all white. This population was at an elevation of 1015m. Some 
plants were found in a forested area and some in an open, grassy field surrounded by prairie 
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grasses including Andropogon gerardii, Schizachyrium scoparium, Panicum virgatum, 
Sorghastrum nutans, Sporobolus heterolepis, and interspersed with Vaccinium spp.  In the 
forested area, S. graminuem was associated with Quercus alba and Acer rubrum. 
Morphological and Ecological Results   
PCA Herbarium Morphology Results 
Results indicate morphological distinction among the varieties. Since it is considered 
general practice to include all dimensions until the cumulative variance percentage is at least 
60%, I visualized results on the top three dimensions for the herbarium specimen data, since the 
top three accounted for 68% of the total variation (Tables 3 & 4). 
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Table 3. PCA of herbarium specimen data showing eigenvalues and percent of variance per 
dimension, as well as cumulative variance for the data. The first three dimensions account for 
68% of the variation.  
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Table 4. PCA loadings on the first 3 dimensions for herbarium specimen data. Loadings >0.6 are 
in bold. (See Appendix A for key for abbreviations). 
 
 
 
I first ran a PCA that included all 22 morphological characters from herbarium specimens 
and visualized it as a scatterplot of dimension 1 x dimension 2, with 95% confidence ellipses 
surrounding the mean of each cluster. The scatterplot showed clustering of representatives of 
each S. gramineum variety and separation among all varieties for the most part, indicating that all 
three varieties show distinct morphology (Fig. 4). Only three individuals of var. gramineum did 
not fall within the 95% confidence ellipse for that grouping. 
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Fig. 4. PCA scatterplot of herbarium specimen data: Individual sample scores plotted against the 
first two principal components, which accounted for 56% of the variation in the data. Each 
variety is identified by color and symbol shape: red circle is var. robustum, green triangle is var. 
micranthum, and blue square is var. gramineum. The ellipses represent 95% confidence intervals 
drawn around each cluster. The centroid of the group is represented by a larger symbol. 
 
 
Understanding which morphological characters had the greatest effect on the PCA 
allowed me to determine which ones are most important in identifying each variety in the field. 
Nineteen morphological characters had the highest loadings on the first three dimensions (greater 
than 0.6 and less than -0.6), including both vegetative and reproductive traits (Table 4). 
Vegetative characteristics included peduncle length, second internode length, midstem width, 
distance between panicle flowers, width of basal leaves, and width of mid-stem leaves. 
Reproductive characteristics included pollen width, panicle capsule length, tepal length of 
panicle flowers, and seed length. 
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I then ran a PCA with just the 19 characters with top loadings to see if these traits 
provided any unique grouping patterns and visualized the first three dimensions in scatterplots 
(Figs. 5 and 6).  
 
 
  
Fig. 5. PCA scatterplot for herbarium specimen morphological characters with the top three 
loadings on dimensions 1 and 2 in the full dataset PCA. (See Appendix A for key for 
abbreviations). Each variety grouping is represented by an ellipsis color: red is var. robustum, 
green is var. micranthum, and blue is var. gramineum. 
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Fig. 6. PCA scatterplot for herbarium specimen morphological characters with the top three 
loadings on dimensions 1 and 3 in the full dataset PCA. (See Appendix A for key for 
abbreviations). Each variety grouping is represented by an ellipsis color: red is var. robustum, 
green is var. micranthum, and blue is var. gramineum. 
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To further examine the strength of the top morphological characters (the strength being 
the weight that particular character holds as far as separating the three groups) and to compare 
the strengths of those top variables in each of the first three dimensions, I overlaid the PCA 
scatterplots with vectors of the variables with the three highest positive and the three most 
negative loadings for each dimension. Vegetative characteristics included peduncle length, 
second internode length, midstem width, distance between panicle flowers, width of basal leaves, 
and width of mid-stem leaves. Reproductive characteristics included pollen width, panicle 
capsule length, tepal length of panicle flowers, and seed length (Fig. 7 & 8). 
Based on the relative length of the arrows, pollen width and width of basal leaves may be 
two of the most useful morphological characteristics in separating the varieties on dimension 1, 
while length of the bottom branch may be one of the most useful in dimension 2 (Fig. 7). Length 
of the subtending bract of the first branch is most useful on dimension 3 (Fig. 8).   
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Fig. 7. PCA Scatterplot for dimension 1 x dimension 2 for herbarium specimen data, with vectors 
showing which characters accounted for the highest percentages of variation (See Appendix A 
for key for abbreviations). Each variety grouping is represented by an ellipsis color: red is var. 
robustum, green is var. micranthum, and blue is var. gramineum. 
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Fig 8. PCA Scatterplot for herbarium specimen data: Dimension 1 x Dimension 3. (See 
Appendix A for key for abbreviations). Each variety grouping is represented by an ellipsis color: 
red is var. robustum, green is var. micranthum, and blue is var. gramineum. 
 
 
 
PCA Field Morphology Results 
PCA analyses were performed on the character measurements of live plants taken during 
my field season. As stated above, I located two field sites with occurrences of var. robustum, 
three of var. gramineum, none of var. micranthum, and one of a unique morphotype (Buck 
Creek). However, only two populations of var. gramineum had plants in fruiting condition, so I 
included only these two var. gramineum sites in my field data analysis. These were the Andrew’s 
Bald and the GVS sites. The first two dimensions accounted for 63.71 percent of the variation 
together (Table 5) and were used to visualize the PCA results.   
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Table 5. Eigenvalue and cumulative variance of the first three dimensions for field-collected 
data.  
 
 
 
Three distinct groupings were found based on field morphology: var. robustum, var. 
gramineum and the Buck Creek population (Fig. 9). Buck Creek plants make a unique cluster, 
and points within this cluster are closer together than the points within the other two groupings, 
however, this grouping shows the most variation on dimension two, which carries less weight 
than dimension one.  This means that the grouping shown may not be as strong of a group as it 
appears.  
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Fig. 9. Scatterplot of field-collected data for Dimension 1 x Dimension 2 with 95% confidence 
ellipses (not enough points for ellipsis to be added to Buck Creek points). Red: Buck Creek 
population, Green: var. gramineum, and Blue: represents var. gramineum 
 
I then determined which morphological characteristics showed the highest variation 
among the groupings based on the PCA by examining the loadings on the first two dimensions 
(Table 6). On dimension one, the average width of the two most basal leaves has the highest 
loading, followed by average longest tepal length.  
 
.  
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Table 6.  PCA loadings of field-collected data show correlations between original morphological 
measures and the principal components. Correlations greater than 0.6 are indicated with double 
asterisks. (See Appendix A for key for abbreviations).  
 
 
 
For this same dataset, vectors are overlaid onto scatterplots of dimensions 1 x 2 (Fig. 10) 
and dimensions 1 x 3 (Fig. 11). These vectors show the direction and magnitude of the 
morphological traits with loadings over 0.6, which reveals which traits show the highest 
variation for the dimensions represented. These are average width of two most basal leaves, 
longest tepal average, and capsule width.  
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Fig. 10. PCA Scatterplot of field-collected data of dimension 1 x dimension 2 with vectors 
showing the direction and magnitude of each morphological character’s variation among each 
variety. (See Appendix A for key for abbreviations). Red: Buck Creek population, Green: var. 
gramineum, and Blue: represents var. gramineum.  
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Fig. 11. PCA Scatterplot of field collected data of dimension 1 x dimension 3 with vectors shows 
the direction and magnitude of each morphological character’s variation among each variety. 
(See Appendix A for key for abbreviations). Red: Buck Creek population, Green: var. 
gramineum, and Blue: represents var. gramineum.  
 
 
 
PCA Ecological Measurements Results 
A PCA analysis was performed on ecological measurements taken at each field site I 
found with populations of S. gramineum (five sites total). These measurements were elevation, 
average soil depth, ratio grazed, soil pH and sun exposure. The results were visualized on 
dimension 1x2 because the top two dimensions accounted for 70.7% of the variation among the 
field sites.  
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The two var. robustum field sites (HWY and ROB) were most similar because they 
clustered closest together (Fig. 12). Both of these are mountain bog habitats. The two habitats in 
which I found var. gramineum (ABD and GVS) separate noticeably on the scatterplot. The ABD 
site was a grassy bald, while the GVS site was forested. The BUC site, which is a serpentine 
barren, also separated distinctly from the other sites based on the ecological measurements taken.  
 
 
Fig. 12. PCA scatterplot for ecological data color-coded for location for dimension 1 x 
dimension 2. ABD: Andrew’s Bald (var. gramineum), BUC: Buck Creek (Buck Creek 
Population) GVS: private property (var. gramineum) HWY: protected location (var. robustum) 
ROB: protected location (var. robustum). 
 
 35 
The most positive and most negative loadings on dimensions 1 and 2 are those that made 
the biggest impact on the groupings of habitats based on ecological measurements (Table 7). 
Ratio grazed had the highest loading on dimension one, therefore impacting the groupings the 
most. However, several negative and positive loadings are above 0.6, the level of highest impact, 
in dimension 1 & 2.  
 
Table 7. PCA loadings for ecological data on dimensions 1-5.  
 
 
Permutation Multivariate Analysis of Variance (MANOVA(s)) 
 
 
Omnibus MANOVA results on herbarium specimens are given in Table 8. With a 
significance value of 0.05, there is a significant difference among varieties.  
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Table 8. Omnibus permutation MANOVA test of herbarium specimen data among all three 
varieties.  
 
 
Pairwise MANOVA tests (Tables 9-11) were used to compare between-variety level of 
variation, with a significance level of <0.0167. There is a significant variation between var. 
robustum from the other two, however, var. micranthum and var. gramineum were not found to 
be significantly morphologically different. 
 
Table 9. Pairwise permutation MANOVA test of herbarium specimen data between var. 
micranthum and var. gramineum. A P-value less than 0.0167 is considered significantly different 
than expected to protect the family-wise error rate of 0.05.  
 
 
 
 
Table 10. Pairwise permutation MANOVA test of herbarium specimen data between var. 
robustum and var. gramineum. A P-value less than 0.0167 is considered significantly different 
than expected. 
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Table 11. Pairwise MANOVA test of herbarium specimen data between var. robustum and var. 
micranthum. A P-value less than 0.0167 is considered significantly different than expected. 
 
 
In the field-collected data, there is no significant difference among the MANOVAs 
(Tables 12-14).   
 
 
 
Table 12. Omnibus MANOVA test of field-collected data among all three “varieties.”
 
 
 
 
 
Table 13. Permutation MANOVA test of field-collected data between Buck Creek population 
and Andrew’s Bald site (which has var. gramineum).  
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Table 14. Permutation MANOVA test of field-collected data between Buck Creek population 
and a protected site (which has var. robustum). 
 
 
 
 
 
Linear Discriminant Analysis (LDA) 
 
 
 Since results of the PCAs confirmed clustering of members within each of the three 
varieties and results of MANOVAs confirmed distinctiveness between at least one of the 
varieties and the other two, LDAs were performed with predefined categories shown in the 
PCAs. LDAs were performed as a way to maximize the separation among the groupings. Table 
15 shows the coefficients of linear discriminants for herbarium specimen data for LD 1 x LD 2, 
in which LD1 accounts for about 88% of the variation. 
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Table 15. The coefficients of linear discriminants of herbarium specimen data of LD 1 x LD 2, in 
which LD1 accounts for about 88% of the variation.  
 
 
 
 
 For herbarium specimen data, all three varieties were predefined as var. gramineum, var. 
robustum, or var. micranthum. Fig. 13 and 14 display stacked histograms of discriminant 
function values of herbarium specimen data to provide a visual representation of the separation 
among varieties in linear discriminant 1 and 2. 
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Fig. 13. Stacked histograms of dimension one of herbarium specimen data shows separation 
among varieties. This dimension accounts for 88.11% of the among-variety variation. 
 
 
 
Fig. 14. Stacked histograms of dimension two of herbarium specimen data shows separation 
among varieties. This dimension accounts for 11.89% of the among-variety variation. 
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 For field-collected data, var. gramineum, var. robustum, and Buck Creek were used as 
predefined categories. Table 16 shows the coefficients of linear discriminants for field-collected 
data for LD 1 x LD 2, in which LD1 accounts for about 91% of the variation. 
 
 
Table 16. The coefficients of linear discriminants of field collected data of LD 1 x LD 2, in 
which LD1 accounts for about 91% of the variation.  
 
 
 
 
 
 Stacked histograms of discriminant function values of field-collected data were produced to 
provide a visual representation of the separation among varieties in linear discriminant 1 and 2 
(Fig. 15 & 16). 
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 Fig. 15. Stacked histograms of dimension one of field-collected data shows separation among 
varieties. Dimension 1 accounts for 91% of the among-variety variation. 
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Fig. 16. Stacked histograms of dimension two of field-collected data shows separation among 
varieties. Dimension 2 accounts for about 9% of the among-variety variation. 
 
 
 Scatterplots of LDA results of herbarium specimen data (Fig. 17) and for field-collected 
data (Fig. 18) color-coded for varieties show separation among varieties and reduced variation 
within varieties to better delimit the varieties.  
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Fig. 17. LDA results of herbarium specimen data color-coded for varieties. Red: var. gramineum; 
Green: var. micranthum; Blue: var. robustum 
 
 
 
 
Fig. 18. LDA results of field-collected data color-coded for varieties or population. 
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Canonical Correlation Analysis (CCoA) 
 
 
 Canonical correlations and tests of ecological data using the Pillai-Bartlett Trace were used 
to determine the canonical variates and the p-value for each (Table 17). Canonical variates 1, 2, 
and 3 showed a significant correlation between environmental and morphological characters.  
 
 
Table 17. Canonical Correlations and tests of ecological data using Pillai-Bartlett Trace.  
 
 
 
 
 Standard canonical coefficients are displayed in Table 18 & 19 for ecological and 
morphological characters for the significant canonical variates. Plant height is negatively 
correlated to environment in variate two (Table 18).  
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Table 18. Standardized correlation coefficients of morphological variables from field-collected 
data on environmental variates 1-3.  
 
 
 
 Elevation, sun exposure, and soil pH are negatively correlated to morphology in variate one, 
while average soil depth and ratio grazed are positively correlated. Ratio grazed has the highest 
positive correlation, while sun exposure has the most negative correlation. On variate two, ratio 
grazed, sun exposure, elevation, and average soil depth are positively correlated, while soil pH is 
negatively correlated. The highest positive correlation is elevation (Table 19). 
 
 
Table 19. Standardized correlation coefficients of ecological variables on morphological variates 
1-3.   
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Distribution and Phenology 
 
 Distribution overlaps among each variety, but each has a unique pattern (Fig. 19, USDA, 
NRCS 2020). Variety robustum mainly occurs along the Appalachian Mountains from PA to 
NC, while var. micranthum favors the southern portion of S. gramineum’s range, from the Blue 
Ridge east to the NC coastal plain and south to the GA piedmont. Variety gramineum does not 
extend further east than the Appalachian Mountains, but extends as far west as KY, into the 
Cumberland plateau. I found that this distribution coincides with the USDA NRCS maps of the 
ranges of all three varieties (Fig. 1-3). However, I did find a more specialized geographic pattern 
for var. robustum. Each variety was found, through field-collected data and voucher specimens, 
to occur in the habitat type that the literature claimed. However, var. micranthum was found to 
occur in additional habitat types other than just granitic domes, such as woodlands.  
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Fig. 19. Distribution of S. gramineum varieties from field collection sites and voucher 
specimens. Varieties are pinned within their counties of occurrence and not on exact GPS 
locations, due to the plants’ conservation status. Green Pin: var. robustum, Blue Pin: var. 
gramineum, Orange Pin: var. micranthum, Yellow Pin: Buck Creek population. Populations that 
I located in the field are marked by a diamond shape (googlemaps.com, 8 June 2020).  
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Mean bloom date differs but bloom period does overlap among the varieties. The 
phenological data given in table 20 below is based on herbarium specimens and personal field 
observations. I was unable to determine flowering date range for the Buck Creek population, 
since I only collected on one date and did not find any herbarium specimens from this location. I 
collected my sample at this location on July 24th, 2019. At this time, the flowers were in late 
anthesis. 
 
 
 var. gramineum var. 
micranthum 
 
Buck Creek 
population 
var. robustum 
Flowering Date 
Range  
7/20-8/31 5/6-10/17 Unknown 
 
7/25-9/11 
Mean Flowering 
Date 
8/11 8/3 NA 18/19 
 
 
My data analyses showed that key distinguishing morphological and phenological 
features, (loadings higher than 0.6 for variation on dimension 1), were much more abundant than 
what is provided in the literature (Table 21). I have also included the Buck Creek population in 
this table. The Buck Creek population has a similar height of var. gramineum, but has extremely 
long tepals, surpassing the average length of those of var. robustum.  
 
 
 
 
 
 
 
 
 
Table 20. Flowering date range and mean flowering date for all three varieties and the Buck 
Creek population 
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Table 21. Morphological variables with highest loadings on PCA dimension 1 for both the 
herbarium and field data analyses among the S. gramineum varieties, as well as the Buck Creek 
population. Legal status source: USDA, NRCS; Habitat type sources: Fernald 1946, 1950; 
Weakley 2015; USDA, NRCS 2019 
Character State  var. gramineum var. micranthum Buck Creek 
population 
var. robustum 
Mean Width of 
Most Basal Leaf 
(mm) 
9.16 5.75 10 15.61 
Mean Panicle 
Capsule Length 
(mm) 
10.45 6.21 13.33 10.52 
Mean Midstem 
Width (mm) 
3.03 1.72 4 5.53 
Mean Length of 
Second Branch 
from Peduncle 
(cm) 
5.92 3.58 14 7.92 
Mean Panicle 
Capsule Width 
(mm) 
5.01 3.62 6.67 5.6 
Mean Tepal 
Length of Branch 
Flowers (mm) 
5.9 4.39 9 8.08 
Mean Width of 
Midstem Leaves 
(mm) 
5.7 2.84 9.17 8.92 
Mean Seed 
Length (mm) 
7.38 3.87 6.45 7.25 
Mean Basal Stem 
Width (mm) 
6 3.92 4.5 9.93 
Mean Seed Width 
(mm) 
1.53 1.19 1.53 1.55 
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Mean Tepal 
Length of Panicle 
Flowers (mm) 
6.32 4.25 10.83 8 
Mean Length of 
Subtending Bract 
to Second Branch 
from Peduncle 
(cm) 
3.19 2.46 9.75 10.19 
Mean Length of 
Bottom Branch 
from Peduncle 
(cm) 
6.3 3.31 18.5 6.74 
Habitat forests, meadows, 
rock outcrops 
(and currently 
considered to 
occur in 
serpentine 
barrens) 
granitic dome rock 
outcrops and 
woodlands 
Serpentine Barrens mountain bogs 
& wet meadows 
Legal Status threatened and 
endangered in 
parts of range 
endangered in parts 
of range 
possibly endemic with 
small population 
threatened and 
endangered 
throughout 
entire range 
 
 
 
Comparative Morphology 
 
 Images taken of plant tissue samples provide a visual for distinguishing among varieties. 
Variety micranthum is not present in this sample, because morphological comparison images 
were only done on field-collected plant tissue. Each variety represented differs in average tepal 
length, capsule size and shape, and seed size and shape (Fig. 20-22). 
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Fig. 20. Morphological variation among the flowers of var. robustum, var. gramineum, and the 
Buck Creek population. Tepal length varies among these varieties, with the shortest being those of 
var. gramineum and the longest being those of the Buck Creek population.  
Fig. 21. Morphological variation among the capsules of var. robustum, var. gramineum, and the 
Buck Creek population. Size and shape vary among varieties, while style beak angle differs upon 
singular capsules. 
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Fig. 22. Var. robustum tends to have a constant seed size, while those of var. gramineum vary among 
populations. Though the seed pictured here representing the Buck Creek population is larger than 
those of var. gramineum, they are on average smaller than those of var. gramineum.  
VAR. GRAMINEUM 
BUCK CREEK POP. 
VAR. GRAMINEUM 
VAR. ROBUSTUM 
VAR. ROBUSTUM 
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CHAPTER FOUR: DISCUSSION & CONCLUSIONS 
 
The goal of this study was to clarify the taxonomy of Stenanthium gramineum, based on 
the biological species concept, which defines species as interbreeding groups that do not 
interbreed with other such groups. Evidence that implies the inability to interbreed and produce 
viable offspring among different groups would support separate species status for those groups. 
Data analysis provides evidence for the delimitation of S. gramineum varieties at the variety or 
species levels (Table 20 & 21). 
 Morphological, habitat, and distribution data support elevating var. robustum to species 
level. This is further supported by the lack of the appearance of intermediates, even in its area of 
overlap with var. gramineum. Key characteristics that may be used in the field to identify var. 
robustum include its large size, full basal rosette, large basal stem width, and long tepals. A full 
list of characteristics is provided in Table 21.  The PCA scatterplots showed separation of this 
taxon from other varieties (Fig. 4 & 9), while the pairwise MANOVA of voucher specimens 
indicated that this variety is significantly different morphologically from other varieties (Table 
10 & 11). Though the omnibus and the pairwise MANOVAs for field-collected data (Table 12 & 
14) showed no significant variation among any of the varieties, this may have been caused by the 
extremely small sample size, and therefore the MANOVAs of field gathered data are 
inconclusive.   
Similarly, the CCoA, although showing a significant correlation between my ecological 
variables and morphology for canonical variates 1-3 (Table 17), was also based on too small of a 
sample size for this test to give reliable results, therefore making the CCoA results inconclusive. 
However, even if morphological traits are correlated to their habitats, this does not necessarily 
mean these populations are not independent species.  Although environmental factors may be 
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driving forces for some vegetative differences, reproductive characteristics are much less likely 
to be influenced by these environmental factors (Murrell 2010).  
Variety robustum’s distinct range along the Blue Ridge mountain chain also supports its 
species level status. Also, it is only found in mountain bogs and wet meadows, as found in the 
literature, and supported by my findings in the field and by herbarium specimen labels. These 
findings reveal a constrained pattern for the occurrence of this species, in high-elevation 
mountain bogs and wet meadows along the Blue Ridge. Measurements taken in bog habitats 
during my field season revealed that these bogs had the highest average soil depth out of all 
habitat types sampled, direct sun exposure, and the lowest amount of grazing. The average pH 
for the two var. robustum habitats I sampled was 5.24, which was higher than all other sites 
except for Buck Creek. Range distinction and habitat specialization provide support for 
reproductive isolation (Moyle et al. 2004). I found no intermediates among herbarium specimens 
from several counties in which var. gramineum and var. robustum co-occur. Therefore, elevating 
var. robustum to species level is supported by the biological species concept.  
Stenanthium gramineum var. gramineum and S. gramineum var. micranthum should be 
recognized as distinct varieties. In PCA analyses of herbarium specimen data, these varieties 
separate out as unique groupings (Fig. 4), although in the MANOVA pairwise test on herbarium 
data, they were not found to be significantly morphologically different (Table 9).  
Var. gramineum is not found to favor a geographic area within its large distribution. 
Furthermore, it is a habitat generalist. In my study sites, I found it on a grassy bald and in mixed 
pine/oak forests. Though I was unable to locate var. micranthum in the field, herbarium 
specimens revealed that it was found in forested areas and on granitic domes. However, the 
literature claims that it is unique to granitic domes (Fernald 1946). Upon the creation of the map 
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of all voucher and field-collected samples (Fig. 19), I found that it was not restricted to a certain 
geographic pattern within its distribution. Voucher specimens indicate that it can also be found in 
forested areas, as well as in the piedmont and coastal plains of NC.  
Varieties of the same species may interbreed and produce viable offspring. The general 
understanding of the definition of the rank of variety is that varieties may be recognized by 
noticeable morphological differentiation and occupy different parts of the species’ range. 
Because of these key factors, var. micranthum and var. gramineum should continue to be 
recognized as varieties. Additionally, evidence from the statistical analyses does refute the claim 
made by some (e.g., Utech 2002) that they are “indistinct and sympatric.” Each of the three 
varieties should very well be recognized, as they display noticeable morphological differences 
and somewhat distinct distributions. These distinctions clearly support that they are within the 
parameters of the distinction of variety.  
The population at Buck Creek Serpentine Barren in Clay Co., NC, does not fit the 
morphological description for any variety of S. gramineum and may represent an endemic 
species. This special habitat is known to harbor many endemic plant species (e.g., Kauffman et 
al. 2004; Boufford et al. 2014). This population of S. gramineum has larger flowers than those of 
var. robustum, with a tepal length average of 10.8 cm (Table 20). This population also displayed 
tepal color variation not seen in other varieties, as there was pink venation in some tepals (pers. 
obs.). In the PCA analysis of field-collected data (Fig. 9), the Buck Creek population showed a 
unique cluster, not grouping with another variety (Fig. 12). However, since I provided only four 
samples per population visited, and the Buck Creek population did not group with any other 
variety, there were too few data points to produce a 95% confidence interval around the Buck 
Creek data points on the scatterplot.  
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As previously stated, the MANOVAs run for field-collected data did not show varieties 
as significantly different (Table 11). However, this test was not reliable due to the small sample 
size, which renders its results inconclusive. A larger sample size of data for key morphological 
features for this population should be compared to the other varieties in a PCA and in pairwise 
MANOVAs to clarify whether this population is significantly morphologically distinct from the 
other varieties. It is clear that it occupies an extremely specialized habitat as well as restricted 
range. This means it could potentially have limited gene flow with other varieties, as it grows 
within a serpentine barren that may be large enough minimize the contact this population has 
with outside populations. The PCA of ecological data showed that the Buck Creek serpentine 
barrens habitat is extremely ecologically different from all other habitats sampled. One of these 
key differences is the soil pH, which is much higher than that of other locations sampled (6.37). 
Therefore, further research must be done to determine if there is significant morphological 
distinction of this population before a taxonomic conclusion can be reached. Future studies may 
include a common garden experiment (e.g. Baskins et al. 1993), or genetic analyses (e.g. Weins 
& Penkrot 2002). 
Revisiting Table 1, which holds all variety information found in the literature, I was able 
to fill in all missing data, and correct information that was inaccurate (Table 22). I added in 
missing information for var. micranthum, based on findings in my research. I also found that the 
style beak curvature on capsules was not consistent, even on a single capsule of any variety. 
Therefore, I removed the suggested curvature for each variety that was in my original table, as 
curvature of style beak varies heavily. All updates from the original table are in red within Table 
22.  
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 Plant 
Height 
(m) 
Leaf 
Distribution 
Leaf 
Texture 
Tepal 
Length 
(mm) 
Style 
Beak 
Curvature 
on 
Capsule 
Capsule 
Shape 
Capsule 
Length 
(mm) 
Seed 
Length 
(mm) 
Var. 
gramineum 
0.5-1.9 Crowded 
below, 
diminishing 
below 
panicle 
Firm – 
coriaceous, 
opaque, 
surface 
corrugated  
3-8 (-10) Varies Ovoid-
urceolate 
 
6-9 5-5.5 
Var. 
robustum 
Up to 
1.8 
Crowded 
and 
numerous 
nearly up to 
panicle  
Thin, 
membranous, 
translucent, 
surface 
smooth  
5-10 Varies  Oblong-
subcylindric 
 
9-10 5-8 
Var. 
micranthum 
0.25-
1.0 
Crowded 
below, 
diminishing 
below 
panicle 
Firm – 
coriaceous, 
opaque, 
surface 
corrugated  
3-4.5 (-5)  Varies Ovoid-
urceolate 
 
5-7 3-5 
 
 
A complication to this study was the inconsistent bloom years of S. gramineum, which 
made it difficult to locate previously documented populations. Although I traveled to many 
documented field sites, I was only able to find six flowering populations. Though I could not find 
anything about it in the literature, I spoke with several people who had experience with this plant 
and was informed that it does not come up every year (Tom Govus et al., pers. comm.).  
 Variety robustum is an endangered taxon within an imperiled habitat and should have a 
higher level of protection. Though var. robustum sites seemed to suffer less grazing overall, 
these sites were the most influenced by anthropogenic impact. Because of land use practices, 
mountain bog habitats have become increasingly rare. The two mountain bog habitats I located 
Table 22. Variation in morphological characters, as stated in original literature, updated based on my research. 
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in the field had not been well protected. One had been mowed, and had a road running through 
the center of it. What was left of the bog was being treated as roadside ditches. The other site that 
I located in the field was also mostly destroyed, as roads ran on either side of the bog. What was 
left was a small bog habitat between two roads. Though var. robustum is legally protected, this 
protection does not seem to be recognized. Greater attention must be paid to the protection of 
mountain bog habitats in order to protect this endangered taxon.  
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APPENDICES 
Appendix A. Morphological characters measured on herbarium specimens, in the field, and 
ecological characters measured in the field. 
Those in red were not used in statistical analyses and therefore do not have abbreviations  
 
Morphological Characters 
Measured on Herbarium 
Specimens  Abbreviation 
percent bud   
percent bloom   
percent fruit   
panicle height (cm) PAN.HEIGHT 
peduncle length (cm) PED.LENGTH 
length of first internode (cm) FIRST.INT 
length of second internode (cm) SEC.INT 
length of bottom branch (cm) L.BB 
length of subtending bract to 
bottom branch (cm) L.SB.FIRST 
length of second branch (cm) L.SEC.BRAN 
length of subtending bract to 
second branch (cm) L.SB.SEC 
distance between five panicle 
flowers (mm) DIST.PAN.FLRS 
distance between five branch 
flowers (mm) DIS.BRANCH.FLRS 
width of basal leaf one (mm) W.BAS.L 
width of basal leaf two (mm)   
width of mid stem leaf one (mm) W.MID.L 
width of mid stem leaf two 
(mm)   
Mid stem width (mm) MSW 
basal stem width (mm) BSW 
average of longest tepal length 
of three panicle flowers (mm) TLP 
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average width of longest tepals 
of three panicle flowers (mm)   
average of longest tepal length 
of three branch flowers (mm) TLB 
average width of longest tepals 
of three branch flowers (mm)   
average seed capsule 
length(mm) of three panicle 
capsules PC.L 
average seed capsule width 
(mm) of three panicle capsules PC.W 
capsule beak shape (deflexed, 
erect, etc).   
seed shape (based off of seeds in 
one capsule)   
Seed color (based off of seeds in 
one capsule)   
Seed texture (based off of seeds 
in one capsule)   
average seed length of seeds in 
one panicle capsule (mm) SEED.L 
average seed width of seeds in 
one panicle capsule (mm) SEED.W 
average length of three pollen 
grains in one flower (um) POLLEN.L 
average width of three pollen 
grains in one flower (um) POLLEN.W 
pollen shape    
pollen color    
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Morphological 
Characters 
Measured in 
Field Abbreviation 
plant height 
(cm) plant.height.cm 
panicle height 
(cm) panicle.height.cm 
peduncle 
length (cm) peduncle.length.cm 
first internode 
(cm) first.internode.cm 
second 
internode 
(cm) second.internode.cm 
average length 
bottom two 
branches (cm) average.length.bottom.two.branches.cm 
average width 
of two most 
basal leaves 
(mm) average.width.of.2.most.basal.leaves.mm 
average width 
of two 
midstem 
leaves (mm) average.width.of.two.midstem.leaves.mm 
Longest Tepal 
average (mm) Longest.Tepal.average.mm 
Seed Length 
average (mm) Seed.Length.average.mm 
seed width 
average (mm) seed.width.average.mm 
capsule length 
one (mm) capsule.length.1.mm 
Capsule width 
one (mm) Capsule.width.1.mm 
Pollen length 
one (um) Pollen.length.1.um 
pollen width 
one (um) pollen.width.1.um 
Stomatal 
density (um) Stomatal.density.um 
leaf texture   
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Ecological Characters 
Measured in Field Abbreviation 
habitat type   
ratio grazed ratio.grazed 
sun exposure 
percentage sun.exposure 
elevation (m) elevation.m 
average soil depth of 
four soil measurements 
(cm) avg.soil.depth.cm 
Soil pH soil.pH 
Munsell Chart Score of 
soil   
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Appendix B. Representative Specimens Examined 
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1. Stenanthium gramineum (Ker-Gawler) Morong var. gramineum Fernald.  
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2. Stenanthium gramineum (Ker-Gawler) Morong var. micranthum Fernald.  
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3. Stenanthium gramineum (Ker-Gawler) Morong var. robustum (S. Watson) Fernald. 
 
4. Buck Creek Population (Unspecified) 
 
